I. Introduction
s a new concept of active flow control technology, plasma flow control is capable of utilizing partial air disturbance control large capacity and global flow. For example, it can keep boundary layer remain laminar flow, control boundary layer separation, control the dynamic stall vortex. In recent years, the fundamental research on plasma active flow is in expansion, examples including side force control of slender body with high angle of attack 1, 2, 3, 4 , flow control around a cylinder 5, 6, 7 , increase of airfoil lifting force, airfoil leading edge separation control, and decrease of resistance 8 . At same time, there were also several initial results on the aerodynamics performance improvement of UAV 9 and shock wave control 10 . Jacob et al. 11 presented the plasma region acts much like a source term in the regard of his measurements, and it would lend itself to a fairly simplistic model for use in numerical simulations. All along, Jacob's work provided a theoretical basis, when the plasma body force model is established to simulate the effect of plasma in fluid, the physical mechanism and movement mechanism of plasma can be studied separately.
Abe et al. 12 obtained the thrust induced by DBD via a high sensitive load cell. Kotsonis et al. 13 measured the induced velocity field using high time-resolution PIV system and presented all terms including body force in Navier-Stokes equations. Albrecht et al. 14 solved spatial distribution of body force by neglecting the impact of pressure. Albrecht et al.
14 estimated body force distribution from velocity field measurements using vorticity
II. Experimental Setup

A. Test model
Dielectric Barrier Discharge (DBD) actuators are used in the present research as shown in Fig 1. The type of plasma actuator used in the experiment consists of two asymmetric copper electrodes of 0.03 mm thickness. Five Kapton tape layers (0.04 mm thick per layer) separate the encapsulated electrode from the exposed electrode, and the effective span wise length (along which plasma is generated) is 150 mm, the width of the exposed and encapsulated electrode is 5 mm and 10 mm respectively. There was no gap between two electrodes, where the plasma is created and emits a blue glow in darkness. A plexiglas plate of 300 mm wide and 400mm long and 5mm thick is utilized as the support of the actuator which is glued to the central area of the plexiglas plate.
Figure 1. The plasma actuator
In order to reduce the effect of any external disturbances on the measurement, all tests are conducted in still air which is achieved by a closed cuboid chamber with a length of 800 mm, a width of 600 mm and a height of 600 mm. The bottom is the surface of a test table, and the other five faces of the chamber are made from plexiglas of 5 mm thick to allow for optical viewing and access of the laser sheet. The air inside the chamber under one atmospheric pressure is shielded from the air in the laboratory room. The seeds are smoke particles of approximately 1 μm in diameter commonly used in cinema industry. The seeds would stay suspended for many hours and were only replenished when needed.
The actuator is driven by the same multi-channel plasma generator as in Ref. 4 and 23. The waveform of the a.c. source is sine wave. The peak-to-peak voltage is set at V p−p = 15 kV and carrier frequency varies from 10 kHz to 20 kHz, each test increases 1 kHz. The output voltage is measured by a high voltage probe, while the current is read on the plasma generator. All the tests in this paper are continuous discharge actuation. The momentum equations and Navier-Stokes equations in steady form are used thus the flow field must keep steady during the acquisition of PIV data. It takes approximately 5 seconds to start power supple and stabilize the output voltage and nearly 10 seconds are needed to make the flow become steady. In order to obtain a steady flow field, the plasma actuator has to work for 15 seconds before PIV acquisition. It should be noted that no other filtering or smoothing has been applied apart from the processing of the raw PIV data and time averaging.
B. PIV setup
The PIV system is manufactured by the TSI Company. The Nd:YAG Laser, a product of the Beamtech Optronics Co., emits single pulse of energy ≤ 200 mJ and produces double pulses with a time interval of 60 μs. The laser sheet is 1 mm thickness, and is set at the position of 50% span-wise length of electrodes to make sure the induced flow is two dimensional. The repeat rate of the laser double-pulse is set at 7. American Institute of Aeronautics and Astronautics 4 interrogation windows 32×32 pixels and overlap 50% has been adapted to analyze the experimental data. A detailed list of components and setting of PIV is given in Table 2 and Table 3 . The momentum equations and Navier-Stokes equations in steady form are used thus the flow field must keep steady during the acquisition of PIV data. It takes approximately 5 seconds to start power supple and stabilize the output voltage and nearly 10 seconds are needed to make the flow become steady. In order to obtain a steady flow field, the plasma actuator has to work for 15 seconds before PIV acquisition. It should be noted that no other filtering or smoothing has been applied apart from the processing of the raw PIV data and time averaging.
C. Pressure measurements system
Meng 17 measured the pressure field induced by DBD plasma actuator, and found the pressure increment is about 0.1 Pa, but the maximum measurement error of 9816 time-averaged pressure tappings which they were used is 2.5 Pa. It is obviously that the minimum measurement precision of 9816 pressure tappings is not accurate enough to detect the pressure field of plasma actuation.
In this paper, 10 transient differential pressure sensors are uniformly distributed with an interval of 1.6mm even increments in vertical direction. And the model of transient differential pressure sensors is ND-8. These pressure sensors are mounted to an epoxy resin board which is arranged vertically to the plasma actuator, as shown in Fig 2. The sensitivity of differential pressure sensor is up to ±0.1 % FS, while the range of full scale is 100 Pa. The sensors samples at a frequency of 1000 Hz, consecutive 60 seconds of sampling are performed for each case. The response time is less than 1ms.
In order to measuring the pressure of total induced flow field, a particular traverse measurement system was designed. Ball screw drive system adopted to realize the horizontal movement of the static pressure board, and the stepping motor controlled the rotation of screw. The static pressure board move and stop with an interval of 1mm even increments in horizontal direction, from -10 mm to 15 mm (0 mm is in the gap of the encapsulated electrode and the exposed electrode). Totally, 26 measurements were taken, and each position stays for 15 seconds to get enough pressure data. The ND-8 differential pressure sensors are connected though USB, the control software attached to the sensors can be used to set the sensors operating parameters. The transient pressure data acquired by sensors are stored in the register, which can be transferred to the computer and analyzed.
III. Methodology
A. Momentum equilibrium equations
Body force can be calculated via momentum equilibrium equations from induced velocity field. The origin of the coordinate system is located at the downstream upper edge of the exposed electrode as shown in Fig. 3 . Assuming that the flow is two dimensional, steady, laminar and incompressible, the body force exerted on the control volume, abcda is obtained by Eqs. 
Body force in the y-direction can be calculated as 
The total body force on control volume can be obtained from Eq. (3).
B. Navier-stokes equations
As the flow is assumed two dimensional, steady, laminar, and incompressible, the distribution of body force can be derived from Navier-Stokes equations as Eqs. (4), (5) and (6). 
Total body force components can be calculated by equation (7) and (8) . The field of integration S is the area enclosed by the boundary of control volume abcda.
As a result of neglecting the effect of pressure 24 , all terms of pressure in equation (1) ~ (8) are zero. Now the body force induced by DBD can be obtained from induced velocity field directly. In the formulas the partial derivatives are calculated using the second-order-accurate finite difference and the integral operation via trapezoid formula.
C. Backpropagation algorithm of neural network
Backpropagation is an abbreviation for backward propagation of errors, is a common method of training artificial neural networks. From a desired output, the network learns from many inputs. The errors propagate backwards from the output nodes to the input nodes. Technically speaking, backpropagation calculates the gradient of the error of the network regarding the network's modifiable weights. This gradient is almost always used in a simple stochastic gradient descent algorithm to find weights that minimize the error.
IV. Results
A. Stability analysis of induced velocity field
The time averaged flow field actuated by DBD (V p-p =12 kV, F=10 kHz) is given in Fig. 4 . The exposed electrode is located between x = -5 mm and x = 0 mm and the encapsulated electrode is located between x = 0 mm and x=10 mm. The dark arrow stands for the ensemble-averaged velocity vector and the curve between different colors represents the contour of the ensemble-averaged velocity magnitude. In order to present the velocity field clearly, one of every seven vectors along the x-direction is shown. The maximum velocity is up to 1.99m/s. While at the upstream of exposed electrode a vortex flow exists, there is a wall jet flow at the downstream of encapsulated electrode. (V p-p =15 kV, F=20 kHz) The origin of the coordinate system is located at the downstream upper edge of the exposed electrode as shown in Fig. 5 . Two points A (8.631mm, 0.122mm) and B (5,946mm, 1.220mm) are chosen arbitrarily to check whether the flow is steady. The time-averaged velocity has been analyzed as shown in Fig. 5 . The results show that the flow has been steady already. 
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Figure 4. Velocity field actuated by DBD
B. Induced velocity field
The aim of the research is to take continuous discharge of plasma actuator as an example, alter the electrical parameters (including voltage and carrier frequency) and the parameters of shape of actuator (the width measurement of the electrodes, the width length of the gap and the thickness of insulation), making use of macro-PIV system which is able to achieved the distribution of velocity field in various cases, finally, the rule of how electrical and shape parameters of the actuator influence on the velocity field would be investigated.
When obtaining a large quantity of the electrical parameters, shape parameters as input samples and the large plenty of velocity field as output expectation samples, in this way they will pave the way for the neural network model of the induced velocity field by plasma actuator.
As there will be a plenty of works to get the experimental samples, in this paper, only the parameters of carrier frequency and coordinates changed as external information to input. The carrier frequency varied from 10 kHz to 20 kHz, each test increases 1 kHz, while each carrier frequency could get velocity vector of 9995 coordinate points. The other parameters of actuator will the input samples in the offing research.
C. Induced pressure field
In measuring the pressure field, it takes continuous discharge of plasma actuator as an example, alter the electrical parameters carrier frequency from 10 kHz to 20 kHz, each test increases 1 kHz. The collecting frequency of ND-8 transient differential pressure sensors is 1000Hz, and collecting time is 15s. As a result, each point could get 15000 transient pressure data.
In order to show the stability and reliability of ND-8 transient differential pressure sensors, the differential pressure field of the actuator in power off condition was given in Fig.6 . It is plain to see than the change of the differential pressure is tiny enough to ensure the measurement of the induced pressure field. Table 4 presents the position of control volumes which encompasses the entire plasma actuator. Body force is calculated by momentum equilibrium equations, Comparisons of results with and without pressure terms are presented in Table 5 . Fig.9 and Fig.10 shows that the body force induced by actuators at peak-peak voltage Vp-p=15kV and carrier frequency F=20 kHz is larger in the neighborhood of the encapsulated electrode and its nearby downstream. Comparing Fig.9 (a) with Fig.9 (b) indicates the correlation between the body force distribution and the pressure profiles in x-direction, finding that the impact of pressure terms on the momentum of body force distribution between plasma and neutral air becomes stronger at the place where is far away from the electrodes. However, this impact can hardly change the body force distribution near the electrodes and its nearby downstream. Obviously, Fig.10 (a) and Fig.10 (b) show the same conclusion in y-direction.
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V. Discussions
A. Training of the neural networks
The algorithm used to establish neural network in context is backpropagation. It is an abbreviation for backward propagation of errors, a common method of training artificial neural networks. It has been demonstrated that given some history of the inputs and outputs, a NN based backpropagation model can be developed such that the model emulates the input-output behavior of the process under investigation. The inputs in this context are electrical parameters, shape parameters of actuator and coordinate parameters, including voltage, current, carrier frequency, the width of the electrodes, the width of the gap and other extrinsic parameters. The outputs are velocity field and pressure field. The structure of a Backpropagation Neural Network (BP-NN) with input-output definitions for our goal is illustrated in Fig. 11 . The algorithm and the procedures used in this study to train the neural emulator and the neurocontroller followed by the results observed and measured with experimental equipments. 
B. The neural networks of velocity field
The neural network of velocity field needs 4 inputs(carrier frequency, peak-peak voltage , x coordinate and y coordinate) and 10 neurons in its output layer to obtain the 3 output(U,V and resultant velocity) of velocity field, as shows in Fig.12 . The network is a two-layer tan-sigmoid/linear network. The tan-sigmoid transfer function was picked because its output range (0 to 1) is perfect for learning to output values from nonlinear mapping relationship. The hidden (first) layer has 10 neurons. This number was picked by guesswork and experience. If the network has trouble learning, then neurons can be added to this layer. If the network solves the problem well, but a smaller more efficient network is desired, fewer neurons could be tried.
To train this velocity field neural network, more than 15million groups of training samples were used, except the samples at peak-peak voltage Vp-p=15kV and carrier frequency F=20 kHz. In order to test the accuracy of the neural network, another 100 random test samples were input into the trained neural network. Fig.13 give the result of the test, comparing the prediction output velocity and desired output velocity. By this trained neural network, the prediction of total velocity field at peak-peak voltage Vp-p=15kV and carrier frequency F=20 kHz, were also showed in Fig.14 . (V p-p =15 kV, F=20 kHz) C. The neural networks of pressure field Fig.15 gives the Architecture of the pressure field neural network, the inputs were as same as the velocity field neural network, and the output were only Δp. It was a two-layer log-sigmoid/linear network, the transfer function picked log-sigmoid, and the hidden (first) layer had 7 neurons. There are different from the velocity field neural network, because log-sigmoid transfer function and 7 neurons have better training efficiency in pressure field neural network. About 11million groups of training samples were used in training pressure field neural network, but the samples at peak-peak voltage Vp-p=15kV and carrier frequency F=20 kHz were not involved. 100 random test samples were input into the trained neural network, as shown in Fig16. Fig.15 gives the prediction of total pressure field at peakpeak voltage Vp-p=15kV and carrier frequency F=20 kHz, though the trained neural network. 
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D. The mapping relationship between plasma parameters and body force
The obtained velocity field and pressure field through the neural network model, be the terms of momentum equilibrium equations and Navier-Stokes equations to calculate the body force field, building the mapping relationship between extrinsic parameters and body force, as shown in Fig.18 and 
VI. Conclusions
The body force distribution produced by a typical plasma actuator in quiescent air is calculated from the momentum equilibrium equations and Navier-Stokes equations using the measured velocity by PIV systems and pressure distributions through the ND-8 transient differential pressure sensors. The actuator consists of two electrodes, one exposed in the air and the other covered by a dielectric material, with the width of 5mm and 10mm respectively. The electrodes are supplied with an ac voltage that at high enough levels causes the air over the covered electrode to ionize. The comparison of the body forces calculated with and without the pressure terms in the Navier-Stokes equations reveals that there is no great difference between the body forces with pressure terms and without pressure terms near the electrodes. But in the rest of the measuring region, far from the electrodes, pressure terms, in general, be the critical factor to change the distribution of body force.
The mapping relationship between extrinsic parameters and the physical variables of induced flow field has been established by the neural networks. The velocity field and pressure field could be directly calculated through the well trained neural networks model. Depending on the obtained calculations of the velocity field and pressure field, the total body force and its distribution can be calculated by momentum equilibrium equations and Navier-Stokes equations respectively without measuring the velocity and pressure of the flow field.
On the other hand, with the neural networks model of plasma actuators, the different parameters of actuator can be reverse selected to achieve the expectation of plasma flow, also, it may simplify the experiment or establish the plasma information database.
